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Summary
Neurodevelopmental disorders (NDDs) are clinically and genetically heterogenous; many such disorders are secondary to perturbation

in brain development and/or function. The prevalence of NDDs is > 3%, resulting in significant sociocultural and economic challenges

to society. With recent advances in family-based genomics, rare-variant analyses, and further exploration of the Clan Genomics hypoth-

esis, there has been a logarithmic explosion in neurogenetic ‘‘disease-associated genes’’ molecular etiology and biology of NDDs; how-

ever, the majority of NDDs remain molecularly undiagnosed. We applied genome-wide screening technologies, including exome

sequencing (ES) and whole-genome sequencing (WGS), to identify the molecular etiology of 234 newly enrolled subjects and 20 previ-

ously unsolved Turkish NDD families. In 176 of the 234 studied families (75.2%), a plausible and genetically parsimonious molecular

etiology was identified. Out of 176 solved families, deleterious variants were identified in 218 distinct genes, further documenting

the enormous genetic heterogeneity and diverse perturbations in human biology underlying NDDs. We propose 86 candidate dis-

ease-trait-associated genes for an NDD phenotype. Importantly, on the basis of objective and internally established variant prioritization

criteria, we identified 51 families (51/176¼ 28.9%) withmultilocus pathogenic variation (MPV), mostly driven by runs of homozygosity

(ROHs) – reflecting genomic segments/haplotypes that are identical-by-descent. Furthermore, with the use of additional bioinformatic

tools and expansion of ES to additional family members, we established a molecular diagnosis in 5 out of 20 families (25%) who re-

mained undiagnosed in our previously studied NDD cohort emanating from Turkey.
Introduction

The human brain is responsible for our thoughts, feelings,

social communications, movements, and behaviors, and

its development and function are governed by a genetic
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blueprint.1 Neurodevelopmental disorders (NDDs) typi-

cally result from the disruption of tightly regulated devel-

opmental processes of the brain. NDDs affect > 3% of chil-

dren worldwide, resulting in higher demand for medical

services.2 NDDs constitute a heterogenous group of
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disorders with varying phenotypes, including micro-

cephaly, structural brain abnormality, epilepsy, develop-

mental delay/intellectual disability (DD/ID), autism spec-

trum disorder (ASD), and attention deficit hyperactivity

disorder (ADHD).3,4

With the recent momentum in genomics and next-gen-

eration DNA sequencing technologies, computational

tools and population genetic-variation studies (e.g., the

Genome Aggregation Database [gnomAD]),5 numerous

genomic loci and genes with variant alleles that are associ-

ated with NDDs have been identified. Additionally, there

have been global efforts to identify the molecular etiology

of NDDs in different world populations.6–12 As part of this

endeavor, we previously performed exome sequencing (ES)

in a cohort of 128 Turkish NDD kindreds. This cohort is

defined as the Turkish brain malformation cohort 1,

TBM1.13 Importantly, even though there has been a rela-

tively large number of studied populations, there has

been little overlap in identified genes. Despite the surge

of ‘‘neurogenetic disease-associated gene discovery,’’ only

�25% of computationally annotated human reference

genes have an established association with a disease

phenotype.14–16 Moreover, the contribution of somatic

mosaicism to the NDD phenotype is increasingly being

identified,17,18 but a majority of sequencing to date has

been conducted on peripheral blood samples that are

more readily obtained, and thus somatic mosaicism cases

are likely overlooked. Furthermore, limited copy number

variant (CNV) data analyses are available from ES cohort

studies, making this an area for continued development

to improve clinical ES diagnostic yield.19

In addition to gene-disease association discovery, one of

the lessons learnt from applying genome-wide molecular

technologies inMendelian conditions is perhaps the unan-

ticipated frequency of evidence for pathogenic variation

observed at more than one locus, i.e., multilocus patho-

genic variation (MPV).15,20 MPV is the presence of patho-

genic variation in two or more independent loci, leading

to a blended clinical phenotype. MPV is distinguished
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from digenic inheritance (in which variants at two distinct

loci, double heterozygotes, or triallelic inheritance21 are

required for disease trait penetrance) and polygenic inher-

itance (small effect-size variants in a group of genes that

additively might contribute to disease phenotype/pheno-

typic trait).22 The MPV can be expressed in the form of

both overlapping (some or all of the clinical features from

two different genes overlap, e.g., both genes are causing

NDD phenotype) and distinct (clinical features are distinct,

e.g., skeletal phenotype and NDD phenotype) readily

differentiated trait phenotypes.

Posey andHarel et al. performed a retrospective quantita-

tive clinical analysis in aNorthAmericandiseasepopulation

for whom ES performed in a clinical laboratory was diag-

nostic, and they identified �5% of individuals have MPV.

Strikingly, 85 of the 101 (84%) unrelated probands had clin-

ical evidence of anNDD.20 This paradigm shift froma single

molecular diagnosis and a ‘‘Mendelizing disease trait’’ to

MPV leading to dual or multiple molecular diagnoses led

us to study MPV in 19 Turkish NDD-affected families

whom we previously considered to exhibit phenotypic

expansion (i.e., the presence of additional clinical features

that were not previously described with the identified

gene-associated disease trait) based on a single molecular

diagnosis of an established Mendelian condition.23 Reanal-

ysis of these cases revealed that six out of 19 (but not all of

the phenotypic expansion cases) were found to have poten-

tial pathogenic changes in a second locusor even third locus

that couldmoreparsimoniously explain the full phenotypic

spectrum for each case. To address whether this observation

was limited to NDDs, we next analyzed the frequency of

MPV in a distinct disease cohort of neuromuscular disorders

and found an MPV frequency of 22% (19 out of 86).24 We

therefore hypothesized that the presence ofMPV in clinical

cohortsmight potentially behigher than initially described,

and we also hypothesized that such mutational burden

might contribute to intra- and inter-familial variability,

especially in ‘‘recessive disease trait’’ admixed populations

with an elevated coefficient of consanguinity.
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Figure 1. Family recruitment and summary result of exome sequencing
(A) The workflow of ES analysis in this study: 234 newly enrolled families (TBM2 cohort, highlighted in pink) and 20 undiagnosed fam-
ilies from the TBM1 cohort (highlighted in blue) were analyzed (highlighted in gray boxes).
(B) Bar plots showing the distribution of total AOH sizes, used as a surrogate measure for ROH, with no reported consanguinity (upper)
and with reported consanguinity (lower). Blue and gray bars represent solved and unsolved individuals, respectively. A total AOH size of
100 Mb is marked by a red line.
(C) A bar plot showing the molecular findings in the TBM2 study (234 families in total). Abbreviations are as follows: AOH, absence of
heterozygosity; CNV, copy number variant; Comp Htz, compound-heterozygous; Hemi, hemizygous; Hmz, homozygous; and Htz, het-
erozygous; ROH, runs of homozygosity.
In the current study (TBM2 cohort), we continued our

enrollment efforts for the NDD cohort. In TBM2, 234 newly

enrolled and 20 previously unsolved Turkish NDD kindreds

from TBM1 were studied. We systematically employed in-

house-developed bioinformatic tools for InDel variant call-

ing (xAtlas),25 de novo mutation calling (DNMFinder),26

CNVs (HMZDelFinder19 and AluAluCNVpredictor27), and

loss-of-function (LoF) mutations (NMDEscPredictor)28 to

extant ES data and additionally used internally established,

strict variant-prioritization criteria to consistently identify

potential deleterious variants. We now provide clinical and

genomic evidence for 86 candidate NDD-associated genes

with an overall molecular diagnostic rate of 75.2% (176/

234 families) and evidence for MPV in 28.9% (51/176) of

families for whom a molecular diagnosis was achieved.
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Material and methods

Participants

We continued our enrollment of Turkish families with a spectrum

of NDD phenotypes (Turkish brain malformation/NDD cohort #2

[TBM2]) into the Baylor-Hopkins Center for Mendelian Genomics

(BHCMG) as part of a continuing effort to study the genomics and

biology of the NDD phenotype (Figure 1A). After research subjects

were identified by a local geneticist or neurologist, a brief synopsis

of clinical information was reviewed by expert clinical geneticists

and neurologists at Baylor College of Medicine (Authors T.M.,

G.A., I.H., D.G.C., Y.B., E.K., D.M., J.E.P., J.R.L., and D.P.). Individ-

uals who had findings that could potentially be explained by

environmental factors such as hypoxia at birth and intrauterine/

postnatal infections were excluded. Individuals who manifested

clinical findings that were determined, on the basis of expert
urnal of Human Genetics 108, 1981–2005, October 7, 2021 1983



opinion, likely to be of a genetic etiology were included in the

study. The study was approved by an institutional review board

(IRB approval number: H-29697) for human subject research at

Baylor College of Medicine (BCM). All individuals who provided

research samples for the study gave written informed consent for

participation and publication of medical information and photo-

graphs. Participating individuals were examined by a clinical

geneticist and/or pediatric neurologist. Peripheral blood was

collected in EDTA tubes from affected individuals, parents, and

their apparently healthy available family members. DNA was ex-

tracted following the manufacturers’ protocol guidelines.

Next-generation, massively parallel DNA sequencing
Exome sequencing (ES) and whole-genome sequencing (WGS)

were performed at the Human Genome Sequencing Center

(HGSC) at BCM through the Baylor-Hopkins Center forMendelian

Genomics initiative.24

Exome sequencing
After quality control (QC), libraries were prepared with various

methods over a span of time. Each newmethod was validated prior

to implementation. Pre-capture libraries were prepared using Phu-

sion or KAPA Hyper reagents, then pooled into 4-plex library pools

and hybridized in solution to the HGSC-designed Core capture re-

agent29 (52 Mb, NimbleGen) or 6–10-plex library pools that used

the custom VCRome 2.1 plus custom Spike-In design (42Mb, Nim-

bleGen) according to the manufacturer’s specifications, with minor

revisions. Paired-end sequencing was performed for all samples in a

format of multiplexed pools to generate an average depth of

coverage of 1193 using the Illumina HiSeq2000 or NovaSeq6000

instrument. With an average sequencing yield of 11.5 Gb, the sam-

ples achieved 97% of the bases covered to a depth of 203 or greater.

Whole-genome sequencing
After QC, libraries were prepared with KAPA Hyper reagents using

150 bp paired-end sequence reads for all samples in a format of

multiplexed pools to generate an average of 363 coverage using

the Illumina NovaSeq6000 instrument. With an average

sequencing yield of 108Gb, the samples achieved 96%of the bases

covered to a depth-of-coverage of 203 or greater.

Analysis
Post-sequencing data analysis was performed using the HGSC

Mercury or HgV analysis pipeline,30,31 which executed base call-

ing, mapping (BWA-mem), merging, variant calling (xAtlas),25

post-processing, annotation, and QC metric collection for all

sequencing events. To ensure sample identity and integrity, the

Fluidigm SNPtrace method for rapidly genotyping 96 SNP sites

was employed to verify sex prior to sequencing and to detect

any evidence of contamination.32,33 Using this assay, sample iden-

tity was verified using the Error Rate In Sequencing (ERIS) software

developed at the HGSC.

The minor allele frequency of candidate variants was obtained

from publicly available databases, including the 1000 Genomes

Project (TGP); the Exome Variant Server; the National Heart,

Lung, and Blood Institute (NHLBI) Grand Opportunity Exome

Sequencing Project (ESP); the Atherosclerosis Risk in Communities

Study Database (ARIC); gnomAD; and our in-house-generated

exome database (�13,000 individuals) at the BCM-HGSC.

To detect disease-causing single nucleotide variants (SNVs) and

indels, a stepwise analysis workflowwas implemented.We investi-
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gated homozygous/hemizygous, heterozygous, and compound-

heterozygous variants separately. All variants were prioritized

according to frequency in the population. De novo and com-

pound-heterozygous variantswere calledbasedon internally devel-

oped bioinformatic tools. Rare variants were prioritized and first

searched for deleterious variants in known genes that might

explain the given phenotype. In the absence of rare variants in

known disease-trait-associated genes, candidate variants were

selected on the basis of the following internally established labora-

tory criteria: all candidates must have (1) Sanger dideoxyncleotide

sequencing segregation of the variant with the disease trait accord-

ing to the predicted diseasemodel and (2) the variant should not be

present in healthy population cohorts with an expected inheri-

tance model (e.g., for an expected monoallelic condition, the

variant should not be present in publicly available databases such

as gnomAD). In addition to the above two core features, all candi-

dates should have three of the five following criteria: (1) conserva-

tionof thevariantposition in>80%ofvertebrate speciespresent in

the UCSC genome browser, (2) a Combined Annotation Depen-

dent Depletion (CADD)-phred score of > 20,34 (3) categorization

as pathogenic according to at least two of the computationalmuta-

tion-prediction models, including PolyPhen 2, SIFT, LRT, and

Mutation Taster, plus the probability of being loss-of-function

intolerant (pLI) > 0.9 for monoallelic autosomal variants,35 (4)

expression of the candidate gene in the nervous system according

to the Genotype-Tissue Expression (GTEx) database, and (5) inter-

action with known NDD genes according to the Search Tool for

the Retrieval of Interacting Genes/Proteins (STRING) database or

published literature for function of the gene. All candidate genes

were submitted toGeneMatcher36,37 to identify additional individ-

uals with variants likely to be damaging in the same gene.

We developed a bioinformatic pipeline to determine the prob-

ably causal de novo variants in the affected child. First, we uncov-

ered the proband-specific SNVs or indels by subtracting the

variants called from the parents’ exome data from the variants

called from the proband’s exome data. Next, the proband-specific

variants were further filtered on the basis of the following criteria:

(1) an alternative variant read count greater than five in the pro-

band, (2) the ratio of the alternative variant read count to reference

variant read count was greater than 30% in the proband, (3) a

reference variant read count greater than 10 in both parents,

and (4) the ratio of alternative variant read count to reference

variant read count was less than 5% in both parents.

To identify potential larger CNVs (larger than three exon dele-

tion or duplication) from exome data, we used publicly available

bioinformatics tools, including the XHMM (eXome-Hidden Mar-

kov Model), CoNIFER, and CoNVex programs.38,39 We used an

in-house-developed software, HMZDelFinder,19 for smaller homo-

zygous and hemizygous intragenic CNVs. In order to capture de

novo variants, we used another in-house-developed algorithm.26

Genes with apparent exonic CNV deletion alleles were explored

for susceptibility to genomic instability and to Alu-Alu mediated

rearrangement (AAMR) using AluAluCNVpredictor27 and an

approach recently described.40 For WGS, CNVs were called using

Parliament2,41 which is a unified approach consisting of six

different CNV callers including Breakdancer,42 Breakseq,43

Manta,44 Lumpy,45 Delly46 and CNVNator.47

Absence of heterozygosity
The B-allele frequency (ratio of variant reads to total reads) from

exome data was calculated using BafCalculator23 to identify

absence of heterozygosity (AOH) genomic intervals. The
ober 7, 2021



calculated AOH was used as a surrogate measure for runs of homo-

zygosity (ROH) and calculation of the anticipated fraction of the

genome and genomic regions that are identical-by-descent (IBD)

in each case.

We calculated the average recombination rate retrieved from

publicly available deCODE genomics datasets across the ROH re-

gions detected in the TBM2 cohort. As a control dataset, we

permuted the genomic locations of those ROH regions in the

genome using the shuffleBed function in the BEDTools suite.48
Sanger sequencing
We applied conventional PCR (HotStar TaqDNA polymerase,

QIAGEN) to amplify the target region according to the manufac-

turer’s protocol. Sanger dideoxy nucleotide sequencing was per-

formed for rare variant and ultraRare49 variant validation and

segregation in accordance with Mendelian expectations in all

identified candidate trait-associated variants at the BCM DNA

Sequencing Core Facility or GENEWIZ, a Brooks Life Sciences

Company. Variants that did not segregate within the family on

the basis of the hypothesized inheritance model were excluded

from the potential disease-trait-associated gene list.
Experimental copy number variant analyses
We performed array comparative genomic hybridization (aCGH)

and/or droplet digital PCR (ddPCR) to confirm CNVs identified

through genome-wide sequencing data and bioinformatic CNV-

detection tools. For aCGH, we used an Agilent custom-designed

whole-genome array (Baylor Genetics Laboratory, CMA version

11, AMADID: 079906) according to the manufacturer’s instruc-

tions for all experimental steps, including DNA digestion and la-

beling, hybridization with a sex-matched control subject, and

washing, with minor modifications according to previously

applied techniques.50 Well-characterized, sex-matched controls

obtained from Coriell cell repositories were used (female control

¼ NA15510 and male control ¼ NA10851). Array scanning and

data processing were performed according to Agilent SureScan

and Feature Extraction Software (version 11.5, Agilent Technolo-

gies), and analysis was performed with Agilent GenomicWork-

bench (version 7.0.4.0, Agilent Technologies).

For three families (HOU1408, HOU2543, and HOU3952), we

performed ddPCR to confirm the pathogenic deletion and/or

duplication CNVs detected by the XHMM tool and WGS. The

experiment was performed using the QX200 AutoDG Droplet

Digital PCR System according to the manufacture’s protocols.

In brief, for each PCR amplification reaction a 20 ml mixture

was constructed, containing 10 ml of 23 Q200 ddPCR EvaGreen

Supermix, 0.25 ml of forward and reverse primers (10 mM) target-

ing the exon with potential deletion, and 50 ng of genomic

DNA. The reaction mixture was subjected to automatic droplet

generation, then PCR reaction and droplet reading. Cycling con-

ditions for PCR were as follows: 5 min at 95�C, 40 cycles of 30 s at

95�C/1 min at 61.2�C/1 min at 72�C, 5 min at 4�C, 5 min at

90�C, and finally infinite hold at 4�C. Ramp rate was set for

2�C per second for all steps. These data were analyzed using

QuantaSoft Software (Bio-Rad), and concentrations of positive

droplets (number of positive droplets per ml of reaction) were ob-

tained for each PCR reaction. A similar reaction was also per-

formed for primers targeting a control region that was in the

diploid state, and comparison of both primer sets was used to

determine a copy number call. Please refer to Table S1 for primer

information.
The American Jo
Experimental phasing of some apparent biallelic SNVs
To investigate the cis/trans configuration of the variants identified

in BAB4624, ddPCR was performed on a Bio-Rad QX200 system

via the ‘‘drop-phase’’ method. Two independent TaqMan probes

that used a distinct fluorescent tag were designed to selectively

amplify only in the presence of either the first variant (FAM tag)

or the second variant (HEX tag). The assay was run with a

QX200 AutoDG ddPCR system from Bio-Rad according to normal

protocols for a TaqMan reaction. A second reaction was generated

from the same protocols but with the inclusion of a restriction

enzyme (HindIII) that would selectively cut between the two var-

iants. Droplet generation was performed on a QX200 AutoDG and

run on a standard thermocycler under TaqMan cycling conditions.

Individual positive droplet populations were quantified with the

QuantaSoft software suite from Bio-Rad.51

Results

ES and family-based genomics in NDDs from the Turkish

population

We studied the genomic data of personal genomes from 234

newly enrolled (175 familieswith single affected, 54 families

with two affected, four families with three affected, and one

family with four affected) and 20 previously unsolved (13

families for which we expanded sequencing to additional

family members and 7 families that we reanalyzed in the

setting of new bioinformatic tools and literature update)

Turkish families with a spectrum of NDD phenotypes by us-

ing rare variant, family-based,massively parallel next-gener-

ation genomic sequencing. Family-based ES (sequencing of

parents þ affected/unaffected siblings and/or additional

familymembers whomwe considered themost informative

for family-based genomics) was performed in all families,

and we implemented WGS in 12 families as trios (proband

and parents) who remained unsolved by the ES approach.

The summary of clinical information, details of molecu-

lar findings, and pedigree structures are shown in Figures

S1 and S2 and Tables S2 and S3. Figure 1A shows the cohort

size and workflow of the ES and WGS data analysis. In

TBM2, we have 299 affected individuals from 234 unre-

lated families; for these, ES was performed for 293 affected

subjects. One hundred and nine of the affected individuals

were female (36%) and 190 were male (64%). Ages ranged

from the embryonic development period (three fetuses) to

52 years old. Historical consanguinity information was

available in 226 out of 234 families, out of which 172 fam-

ilies (221 affected individuals) self-reported parental con-

sanguinity (76.1%, 172/226). Consanguinity ratio was

higher in the families who received a molecular diagnosis

(78.4% versus 68.5%). Of note, among 54 families who re-

ported no parental consanguinity, 17 families (31%)

showed a total size of > 100 Mb AOH, suggesting shared

ancestry in the antecedent generations of the clan, of

which the families were not aware (Figure 1B).19

We divided the molecular findings into six groups: (1)

known disease-associated genes that have an established as-

sociation with an NDD phenotype, (2) known disease-asso-

ciated genes with an expansion beyond the gene-linked
urnal of Human Genetics 108, 1981–2005, October 7, 2021 1985
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Figure 2. Genes identified in this study
(A) Comprehensive gene list in alphabetical order. Genes that are identified in one family in this study are shown with bold letters (205
genes in total).
(B) Venn diagram showing overlapping genes identified in the TBM1 and TBM2 cohorts. Note that the number (16) of overlapping genes
in TBM1 and TBM2 is very small; this represents the wide genetic heterogeneity in NDDs.
(C)Summaryofgenes categorizedonthebasisof thenumberof families reported in the literature.Genes thatare identifiedboth inTBM1and
TBM2are in lightgreen shadedboxes.Geneswith red font color represent previouslyproposed candidatedisease-trait-associatedNDDgenes
from our group. Underlined text indicates genes identified in more than one family within the TBM2 cohort. The # symbol across several
genes shows that there were reports of individuals with pathogenic variants with different modes of inheritance.
trait or phenotype (phenotypic expansion), (3) candidate

disease-trait-associated genes (single family with a potential

pathogenic variant classified on the basis of newly estab-

lished criteria), (4) CNVs causing NDD phenotypes, (5) di-

genic inheritance, and (6) multilocus pathogenic variations

(MPVs).

Weobserved anoverallmolecular diagnostic rate of 75.2%

(176/234) in TBM2; 133 of these 234 families have variants

in known disease-trait-associated genes (133/234 ¼
56.8%). Additionally, we established a molecular diagnosis

in five out of 20 families (25%) that remained unsolved in

the TBM1 cohort previously studied. These five families

were solved by using in-house-developed bioinformatic

tools; one family was solved with DNM-finder, two families

were solved with a compound-heterozygous-variant detec-

tion tool, and two families were found to have MPV, which

was probably confounding the variant interpretation at

the time of TBM1 cohort analysis (Figures S2 and S3).

Among the families (176) with a molecular diagnosis in

TBM2, 124 families (70.4%; 86 families with known genes,

33 families with candidate disease-trait-associated genes,

and five families with CNVs) had a genomic aberration at

a single locus, 51 families (28.9%) had MPV, and one fam-

ily (0.5%) wasmost parsimoniously explained by a digenic,
1986 The American Journal of Human Genetics 108, 1981–2005, Oct
double heterozygous, inheritance model (Figure 1C). Note

that 218 distinct genes were identified in these 176 families

with molecular diagnosis (Figure 2), supporting the enor-

mous genetic heterogeneity of NDDs.

Known NDD-associated genes

In TBM2, we identified 130 known NDD-associated genes

(Tables S2 and S3). Among these genes, 14 were found to

have variants in two or more families (AMPD2 [2; MIM:

102771], AP3B2 [2; MIM: 602166], CLP1 [4; MIM: 608757],

DDC [2; MIM: 107930], FOXG1 [2; MIM: 164874], GRM7

[2; MIM: 604101], LAMA1 [2; MIM: 150320], LARP7 [2;

MIM: 612026], LPAR6 [2; MIM: 609239], PARD3B [2; MIM:

619353],52 RNASEH2A [2; MIM: 606034], SNX14 [2; MIM:

616105], TBC1D23 [2; MIM: 617687], and WDR81 [2;

MIM: 614218]). Placing these findings in the larger context

of our full NDD cohort, which includes TBM1,13 TBM2,

and several additional case and cohort reports,53–63 there

are185 knownNDD-associated genes that contribute to a to-

tal of 218 molecular diagnoses.

We had previously reported five families with the

same CLP1 missense variant (GenBank: NM_006831.3:c.

419G>A:p.Arg140His) as a founder allele in the Turkishpop-

ulation.53 Then,we reported two further families in TBM1,13
ober 7, 2021
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Figure 3. Segregation results, images, and protein conservation of the individuals with potentially pathogenic variants in ESAM and
COPB1
(A) Pedigree structure of family BH13684 (HOU4550) and segregation of the frameshift variant in ESAM. The variant is predicted to be
subject to degradation by nonsense-mediated decay (NMD).
(B) Image of BAB12311.
(C) Brain MRIs for BAB12311 showing severe cerebral atrophy and dilation of both ventricles.
(D) Expression of ESAM in various tissues. All tissues noted in the figure are colored (e.g., the brain is colored as yellow). The graph data
have been obtained from the Genotype-Tissue Expression (GTEx) Portal.

(legend continued on next page)
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and here we identified four additional TBM2 cohort families

with the same p.Arg140His variant. Taken together, CLP1 is

the most common NDD gene in the Turkish NDD cohort

(combineddata: 11/218¼ 5.0%), and this suggests a founder

allele in the Turkish population. In the Turkish NDD cohort

combined (Figures 2B and 2C), we observed the following

genes in two or more families; CLP1 (six families), ASPM

(MIM: 605481) and SNX14 (four families), AP4B1 (MIM:

607245), ATRX (MIM: 300032), LARP7 (three families),

ADSL (MIM: 608222), AMPD2, AP3B2, ASTN1 (MIM:

600904), ASXL3 (MIM: 615115), CDK10 (MIM: 603464),

DDC, DHX37 (MIM: 617362), FOXG1, GRM7, LAMA1,

LPAR6, MCPH1 (MIM: 607117), NAGLU (MIM: 609701),

NGLY1 (MIM: 610661), PARD3B, PRUNE1 (MIM: 617413),

RNASEH2A, SLC18A2 (MIM: 193001), SMARCA1 (MIM:

300012), TBC1D23, ULK2 (MIM: 608650), VARS (MIM:

193150), VPS13B (MIM: 607817), WDR62 (MIM: 613583),

and WDR81 (two families). The same genes were found to

be present in two or more families for 75/362 (20.7%) of

the families in the cohort. All individuals had different dele-

terious variants except CLP1,DDC, SMARCA1, andWDR81.

CLP1, DDC, and WDR81 haplotype analyses showed 11.5

Mb, 8.13Mb, and2.865Mbsharedhaplotypeblocks, respec-

tively (SMARCA1 maps to the X chromosome; thus, haplo-

type analysis was not applicable). Identified SNVs included

missense variants in 80 families, nonsense variants in 29

families, and indels in 41 families. In families with indel var-

iants, we identified two families with in-frame deletions in

SOX11andKDM5C, variant types thatare typically less sensi-

tively detected by exome variant-calling methods. These in-

frame deletions were presumablymediated bymicrohomol-

ogy-mediated simple replication slippage (Figure S4).64

Candidate disease-trait-associated NDD genes

We identified 86 candidate disease-trait-associated genes:

33 genes from families with a single locus and 53 genes

from families with MPV (Figures S1 and S2 and Table S2).

Among them, we have now independently published Gen-

eMatcher-aggregated disease-trait-associated gene cohorts

involving four genes (TRAPPC4 [MIM: 610971], NTNG2

[MIM: 618689], TUBGCP2 [MIM: 617817], and PLXNA1

[MIM: 601055]).65–68 An additional 11 genes, currently un-

dergoing functional/animal studies, were identified in

three or more families with an overlapping phenotype

(Figure S1). We included these individuals because they

were ascertained and enrolled as part of the TBM2 cohort,

and we categorized their potential phenotype-contrib-

uting genes and rare variant alleles derived from the pri-

mary analysis of this cohort as ‘‘candidate.’’ We report 86

possible candidate NDD genes that we identified in

a single family. We here present two examples of these

families.
(E) Pedigree structure of family BH11518 (HOU4031) and Sanger con
(F) Image of BAB11010 showing synophrys, as well as a short and sm
(G) Evolutionary conservation of the altered amino acid residues at
(H) Expression of COPB1 in various tissues from the GTEx Portal.
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BAB12311 is a 26-month-old male born at 37 weeks

of gestation by normal spontaneous delivery with a

birth weight of 2,150 g (Z score: �2.3), height of 44 cm

(Z score: �2.3), and head circumference (OFC) of 35 cm

(35%ile) (Figures 3A and 3B). He was found to have hydro-

cephalus at seven months of pregnancy. He developed sei-

zures at one month old and continued to have refractory

epilepsy despite therapeutic intervention with multiple

antiepileptic agents. Postnatal brainMRI confirmed hydro-

cephalus and also showed severe atrophy of the corpus cal-

losum, severe cerebral atrophy, and signs of periventricular

leukomalacia (increased T1 signal in periventricular area)

(Figure 3C). He had severe delay, and he did not achieve

head control. He was born to first cousin parents, and there

were two younger sisters, one of whom had similar find-

ings to the proband. Quad ES revealed a homozygous

frameshift variant in ESAM (MIM: 614281) causing prema-

ture termination (GenBank: NM_138961.3; c.115delC

[p.Arg39Glyfs*33]) (Figure 3A). This homozygous variant

was shared by the affected sister; parents were heterozy-

gous, as expected for a recessive disease trait. ESAM is

part of the endothelial cell adhesion molecule family. It

has been shown to be preferentially expressed in brain,

particularly in pyramidal cell layers of the dentate

gyrus and hippocampus and in the corpus callosum

(Figure 3D).69

BAB11010 is a 10-year-old female with severe DD/ID,

microcephaly, autistic behavior, and mild dysmorphism.

She was born at 38 weeks of gestation with a 2,300 g birth

weight (Z score: �2.1) (height and OFC were not available)

(Figure 3E). The parents were from the same small village

butnot consanguineous.Growthparameters at 10.5years re-

vealed a weight of 31 kg (25%ile), a height of 140 cm (50%

ile), andOFC of 48 cm (Z score:�3.3). Physical examination

was remarkable formilddysmorphism including synophrys,

smooth philtrum, and thin upper lip (Figure 3F). The diag-

nosticworkup, including plasma amino acids, acyl carnitine

profile, urine organic acids, karyotype, and array CGH, was

unremarkable. Brain MRI was reportedly normal. She had

one older brother and two younger sisters, all of whom

were healthy. Trio ES revealed a de novo, missense mutation

(GenBank: NM_016451.5; c.1039C>T [p.Leu347Phe]) in

COPB1 (MIM: 600959; Figure 3E). This variant is within a

highly conserved residue and not reported in public data-

bases. pLI for thisgenewas0.999 (Figure3G).COPB1 is a sub-

unit of the Golgi coatamer complex, which is required for

retrograde trafficking fromGolgi to endoplasmic reticulum.

Intracellular transport is vital for cellular functions, and

disruption of subunits of COPI have been reported to cause

several disorders, including autoimmune-mediated intersti-

tial lung, joint, and kidney disease (MIM: 616414), primary

microcephaly 19 (MIM: 617800) in one family, and short
firmation of a de novo COPB1 variant.
ooth philtrum.

position 347 is shown.
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Figure 4. Three families with homozygous exonic deletions identified in the TBM1 and TBM2 studies
(A) A pedigree from a family with a homozygous exonic deletion (two exons) in BLM. The family was included with limited clinical and
molecular data in our previous report.
(B) BAB4987 at four years old.
(C) A deletion plot in the BLM region constructed using ES data from BAB4987. The y axis represents the RPKM values on a log scale. The
red line connects RPKM values at the exons in BAB4987, and the black line demonstrates the RPKM information from individual ES
samples with similar experimental conditions. The blue dashed line represents the cut-off for homozygous deletion (0.21).
(D) The Alu-Alu mediated rearrangement (AAMR) scores given by the AluAluCNVPredictor tool for BLM are 0.9 for OMIM genes (not
shown) and 0.874 for RefSeq genes. The AAMR score is a potentialmeasure of susceptibility to genomic instability based on Alu repetitive
element sequence directly oriented pairs flanking exons for that given gene, and a score> 0.6 implicates relative susceptibility to AAMR.

(legend continued on next page)
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stature, rhizomelia, with microcephaly, micrognathia, and

developmental delay (MIM: 617164).70–72 Recent studies

on subjects with biallelic COPB1 variant alleles support the

specific NDD syndromic association we independently

describe herein.73 Interestingly, it has been recently docu-

mented that COPA (MIM: 601924), and thus disruption of

this Golgi to ER axis, underlies other autoimmune disease

(MIM: 616414), seemingly through the cellular sensor stim-

ulator of interferon genes (STING).70,74,75

Phenotypic expansion identified in this study

We observed two families showing phenotypic expansion

in which the observed phenotypic features extended

beyond those clinical features previously reported in asso-

ciation with pathogenic variation at the locus. Details of

these two families are described in the Supplemental notes

and Figure S5.

Copy number variants

Using XHMM and HMZDelFinder CNV detection tools and

WGS, we identified nine CNVs that were possibly contrib-

uting to theNDDphenotype inourcohort (3.8%,9/234 fam-

ilies). Among the families with CNVs detected by XHMM,

three families had CNVs only (HOU2543 [BAB6868

and BAB6869], HOU5049 [BAB13582], and HOU5052

[BAB13591]), and three families (oneofwhichwaspublished

previously)67 had both CNVþSNV (HOU3344 [BAB9209],

HOU3883 [BAB10573 and BAB10575], and HOU5045

[BAB13565]). Detailed clinical and molecular findings

for the families with CNVs can be found in Table S4

and Figure S6. We identified homozygous exonic deletions

(< 100 Kb) in BLM (MIM: 210900) and SNX14 (MIM:

616354) usingHMZDelFinder fromES. In addition, we iden-

tifiedadenovo single-exondeletion inASTN2 (MIM:612856)

with Parliament2 fromWGS.

The first subject, BAB4987, was reported previously

without molecular details and clinical information.19

BAB4987 is a 4-year-old male with DD/ID, growth restric-

tion (Z score for height: �3.8), microcephaly (Z score:

�3.6), and dysmorphism (microcephaly, short stature,

triangular face, depressed nasal root, micrognathia, promi-

nent ears, facial telangiectasias/rash, andclinodactyly). (Fig-

ures 4A and 4B). HMZDelFinder detected a homozygous

intragenic deletion (exon 11 and 12) in BLM (MIM:

604610; Figure 4C). AluAluCNVpredictor27 showed a high
(E) The AOH lot for BAB4987 demonstrates the deletion is located wit
(F) A schematic representation of a portion of BLM. Breakpoint seque
also shown. The proximal reference sequence and proband breakpoin
in red, the distal reference sequence and proband breakpoint sequenc
microhomology at the junction is shown in green. The 6 Kb deletion
ment between directly oriented AluSx.
(G) Pedigrees from two families with a homozygous exonic deletion
(H) Deletion plots in the SNX14 region constructed from ES data fro
(I) AOH plots for BAB3498 and BAB13562 demonstrate 34.8 and 6.3
both show that SNX14 (red vertical line) is located within the AOH
(J) Schematic representation of SNX14. The breakpoint junction of th
potentially non-homologous end joining (NHEJ) as a mechanism. Th
ably results from Alu-Alu mediated rearrangement between directly-o
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relative gene/genomic instability score (0.9 forOMIMgenes

and0.87 forRefSeqgenes) forBLM, a finding that indicates a

relatively high likelihood risk for genomic instability and

susceptibility to an Alu-Alu mediated rearrangement

(AAMR) (Figure 4D). Although there is no reported consan-

guinity in the parents, the calculated total AOH size is 136

Mb. The homozygous deletion in BLM contains two exons

and was located within a 20 Mb region of AOH (Figure 4E).

The breakpoint junction analysis suggested that the dele-

tion is facilitated by directly oriented AluSx elements; this

confirms AAMR, amechanism that can form structural vari-

ation throughhomologousAluelements fromshared family

members, is the underlying mechanism for generation of

this exonic deletion CNV as a new mutation in an ante-

cedent generation within the clan (Figure 4F).

The second subject, BAB13562, is a 2-year-old male pre-

senting with DD/ID, hypotonia, and cerebellar atrophy.

There was no reported consanguinity in the parents

(Figure 4G). His growth parameters at two years of age were

as follows: weight 10.0 kg (Z score: �2.1), height 84 cm

(18%ile), and OFC 42.0 cm (32%ile). HMZDelFinder identi-

fied a 17 kb homozygous deletion in SNX14 involving 10

exons (exon 13 to 22) (Figure 4H). B-allele frequency calcula-

tion of BAB13582 demonstrated a 6.3 Mb block of AOH on

chromosome 6 with a total AOH of 55 Mb (Figure 4I). The

breakpoint analysis revealed the deletion presumably results

from AAMR between directly oriented AluSz elements

(Figure 4J).40,76 Of note, the 17 kb deletion identified in our

subject was reported in another Turkish individual with

similar clinical features.77 The reported familywas of Turkish

origin, which suggests a possible founder mutation for the

exonic deletion CNV allele in the Turkish population.

Additionally, we previously reported another subject

(BAB3498) with a homozygous, intragenic SNX14 deletion

having a different size (64 kb) and exon content (exon 3 to

27).13,19 The proximal and distal breakpoints were now

mapped within an Alu (AluSx) and a LINE (L1ME4a)

element. There was no obvious microhomology at the

breakpoint junction, suggesting non-homologous end

joining (NHEJ) as a potential mutational mechanism for

CNV formation,78 although both blunt-end break-join

points and Alu joining with other repetitive elements

have been reported with microhomology-mediated

break-induced replication (MMBIR)-driven mutagen-

esis.79 Thus, at least two different exonic deletion alleles
hin a 20Mb AOH block on chromosome 15, marked by gray zones.
nce analysis for BLM deletion using the MultAlin alignment tool is
t sequences thatmatch the proximal reference sequence are shown
es that match the distal reference sequence are shown in blue, and
in BAB4987 presumably results from Alu-Alu mediated rearrange-

in SNX14.
m affected individuals (BAB3498 and BAB13562).
Mb blocks of AOH on chromosome 6, marked by gray zones, and
block.
e 64 Kb 25-exon deletion in BAB3498 is blunt end, which suggests
e 17 Kb deletion involving 9 exons identified in BAB13562 presum-
riented AluSz.
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Figure 5. Digenic variants in ASTN1 and ASNT2 in an individual with NDD
(A) Images of the proband BAB10738.
(B and C) Axial (B) and sagittal (C) T2WI brain MRI showed severe hydrocephalus.
(D) Log2 ratio of read depth from short-read 40x WGS with vertical pedigree (left) aligned with personal genome data from the ASTN2
genomic region. The corresponding individuals (top to bottom) are BAB10739 (mother), BAB10740 (father), and BAB10738 (proband).

(legend continued on next page)
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at the SNX14 locus, generated as new mutations within

two different clans, exist within the Turkish population.

Reanalysis of extant ES data informs NDD, potentially

due to a digenic inheritance model

The third CNV subject, BAB10738, is the first child of a sec-

ond cousin couple andwasbornat termviaC-sectiondue to

prenatally detected brain malformations. His 11-month

evaluation revealed severe developmental delay (unable

to hold his head up and no tracking) and dysmorphic fea-

tures (abnormally shaped skull, sunset eyes, and dysplastic

and low set ears). During pregnancy, he was found to have

triventricular hydrocephalus (Figures 5A–5C). Postnatal

MRI confirmed the hydrocephalus and additionally identi-

fied cerebellar hypoplasia, diffuse lissencephaly, colpoce-

phaly, and agenesis of corpus callosum. Laboratory workup

revealed mildly increased liver enzymes (alanine amino-

transferase [ALT]: 157 IU/L [nml¼ 29–33], aspartate amino-

transferase [AST]: 168 IU/L [nml¼ 5–40], and lactate dehy-

drogenase [LDH]: 483 U/L [nml ¼ 140—280]). Initial

analysis of trio ES was inconclusive.

We expanded the sequencing to trio WGS, which re-

vealed a de novo heterozygous single exon (exon 16) dele-

tion in ASTN2 (MIM: 612856; Figure 5D). Retrospective

analysis of ES data and droplet digital PCR (ddPCR)

confirmed the single exonic deletion (Figures 5E and 5F).

The breakpoint junction study showed blunt ends at the

junction, which suggested NHEJ as a potential mechanism

for CNV formation (Figure 5G). Re-analysis of ES data also

revealed a heterozygous missense variant in ASTN1 (MIM:

600904), which was inherited from an apparently healthy

unaffected father (Figure 5H). This variant is in a highly

conserved region (Figure 5I) and reported rarely in gno-

mAD (15 heterozygous and 0 homozygous individuals).

Both ASTN1 and ASTN2 are members of the astrotactin

family; astrotactins function in grail-guided migration, re-

ceptor trafficking, and synaptic plasticity in the brain.80–84

It has been shown that ASTN1 interacts with ASTN2

in a calcium-dependent manner.85 Heterozygous CNVs

involving ASTN2 were linked to a broad spectrum of

NDD phenotypes including structural and functional ner-

vous system disorders (e.g., encephalocele, micro- and

macro-cephaly, hydrocephalus, cerebellar anomalies, DD/

ID, and autism).13,86,87 Additionally, biallelic ASTN1 vari-

ants were found in DD/ID subjects from Turkey, Poland,
The blue horizontal line reveals average depth of coverage consistent
note the deletion is observed only in the proband panel (bottom) as a
of ASTN2 (NG_021409.2: g.119405571_119419749del [hg19]).
(E) Log10 reads count per kilobase of capture region, per million mapp
Finder-generated data; the red line represents the proband RPKM val
black lines represent RPKM values from individual ES samples using
(F) The identified de novo single exonic deletion (exon 16) was indep
(G) Canonical transcript (NM_014010.5) and two alternative transcri
Sanger-confirmed junction sequence aligned with reference sequen
sequence aligned with the proximal reference sequence, and the seq
Note the blunt-end junction and 16 bp deletion in proximity to the
(H) Pedigree and Sanger tracing showing a paternally inherited miss
(I) Evolutionary conservation of the altered amino acid residues at p
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and Saudi Arabia (Figure S7).13,87,88 Taken together, the

severe phenotype observed in BAB10738 was most parsi-

moniously explained by digenic inheritance from dou-

ble-heterozygous variants in genes encoding interacting

proteins.

NDD, multilocus pathogenic variation, and an admixed

population with a high coefficient of consanguinity

In addition to genomic aberrations at a single locus, we

further explored the possibility of MPV using internally

established criteria for rare variant parsing of ES data

(described in Material and methods).

We categorized MPV families into three main classes:

known þ known genes (13 families), known þ candidate

disease-trait-associated genes (34 families), and candidate

disease-trait-associated þ candidate disease-trait-associ-

ated genes (four families) (Figure 6A). Additionally, on

the basis of their inheritance pattern, MPVs are also

divided into 10 different combinations, among which

Hmz (homozygous) þ Hmz and Hmz þ Hmz þ Hmz

comprised the largest group of �70%. We expand

on detailed findings here with one example for the

known þ known category showing distinct blended

phenotypes, one example for known þ phenotypic

expansion, and one example from the known þ candi-

date disease-trait-associated category. The remaining

MPVs are detailed in Figure S2 and Table S3.

BAB12086 and BAB12087 were affected siblings born to a

consanguineousmarriage.BAB12086 is a15-year-old female

who presented with moderate DD/ID, behavioral problems

including self-mutilation, severe myopia (17�), and the sex-

limited trait of primary amenorrhea (Figure 6B). Diagnostic

work-up for primary amenorrhea was consistent with hy-

pergonadotropic hypogonadism. Her younger brother

(BAB12087) is a 7-year-old male showing similar clinical

findings to his sister including moderate DD/ID, behav-

ioral problems, and severe myopia (18�). Quad exome

sequencing revealed deleterious variants in two known

genes: a homozygous nonsense mutation (GenBank:

NM_005559.4; c.1504G>T [p.Glu502*]) in LAMA1 and a

homozygous missense mutation (GenBank: NM_000145.

4; c.268G>A [p.Val90Met]) in FSHR. Sanger segregation re-

vealed both parents are heterozygous for both variants and

the affected male and female siblings are homozygous, as

expected for a recessive disease trait. Pathogenic LAMA1
with normal N ¼ 2 copy number state and heterozygous deletion;
de novo variant allele. WGS data revealed a de novo 14.2 kb deletion

ed reads (RPKM) from research exome sequencing using HMZDel-
ue at the designated exon-capture region (blue rectangle), whereas
similar experimental conditions.
endently confirmed by droplet digital PCR (ddPCR).
pts (NM_198186.3 and NM_001184735.1) of ASTN2 (top) with the
ces at the bottom. The sequence in blue represents a junction
uence in red represents the one aligned with the distal reference.
junction.
ense ASTN1 variant.
osition 925 is shown.
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Figure 6. Families potentially affected by multilocus pathogenic variation
(A) Families affected with multilocus pathogenic variations (MPVs) in TBM2 (51 families). Blue, orange, and green bars represent
known þ known genes, known þ possible disease-associated genes, and candidate disease-associated þ candidate disease-associated
genes, respectively. Note that Hmz þ Hmz and Hmz þ Hmz þ Hmz represent �70% of families with MPV. Abbreviations are as follows:
CNV, copy number variant; Comp Htz, compound-heterozygous; Hemi, hemizygous; and Hmz, homozygous.
(B) Pedigree and Sanger confirmation of the LAMA1 and FSHR homozygous variants in family BH13142 (HOU4478). Abbreviations are as
follows: DD/ID, developmental delay and intellectual disability and HH, hypogonadotropic hypogonadism.
(C) Pedigree and Sanger confirmation of the identified de novo FOXG1 and TERF2 variants. Both FOXG1 and TERF2 variants possibly
contributed to severe microcephaly seen in BAB12622.
(D) Pedigree and Sanger segregation study of the homozygous ADSL and TNRC6B variants. ADHD, attention deficit hyperactivity
disorder.
(E) AOH plot showing variants in ADSL and TNRC6B are located with the same AOH region on chromosome 22.
(F) Photographs for BAB8895 and BAB8898.
(G) Brain MRI for BAB8895 at a year old showed mild cerebral atrophy.
(H) Evolutionary conservation of the altered amino acid residues at positions 713 of TNRC6B and 426 of ADSL are shown.
variants are known to cause Poretti-Boltshauser syndrome

(MIM: 615960), which is mainly characterized by DD/ID

and visual abnormalities including high myopia. Biallelic

deleterious variants in FSHR are known to cause ovarian

dysgenesis (MIM: 233300), and the sister’s genitourinary

findings, a sex-limited trait, can be parsimoniously ex-

plained by the deleterious FSHR variant. Both known genes
The American Jo
identified in this family cause twodistinct phenotypes.Both

LAMA1 and FSHR variants are located within AOH blocks

(Table S3). The AOH blocks harboring LAMA1 (9.1 Mb for

BAB12086 and 6.7 Mb for BAB12087) and FSHR (22.8 Mb

for BAB12086 and 9.7 Mb for BAB12087) were different

sizes. The total AOH sizes for BAB12086 and BAB12087

were 137 Mb and 193 Mb, respectively.
urnal of Human Genetics 108, 1981–2005, October 7, 2021 1993



BAB12622 is a six-month-old female who presented

with progressive microcephaly, persistent and inconsol-

able crying/irritability, and developmental regression

(Figure 6C). She was born at term with an OFC of 32 cm

(3%ile). Brain MRI showed dysgenesis of the corpus cal-

losum. Her anthropometric measurements at six months

old revealed a weight of 5.6 kg (Z score: �2.0), height of

62 cm (12%ile), and OFC of 36 cm (Z score:�5.2). The par-

ents were not consanguineous, and she had one healthy

brother. Trio ES revealed a previously reported, de novo, het-

erozygous nonsense mutation (GenBank: NM_005249.5;

c.651C>G [p.Tyr217*]) in FOXG1 (MIM: 164874), which

is known to cause Rett Syndrome, Congenital Variant

(MIM: 613454). Progressive microcephaly and MRI find-

ings were consistent with Rett Syndrome Congenital

Variant. However, given that the severity of microcephaly

at six months was beyond the expected FOXG1 OFC

trait-associated range (Z score: �5.2 at six months), our

further investigation revealed another de novo, heterozy-

gous, nonsense mutation (GenBank: NM_005652.5;

c.1394G>A [p.Trp465*]) in the candidate gene TERF2

(MIM: 602027) (Table S3). This variant was in a highly

conserved domain and predicted to be deleterious. The

pLI score for this gene was 0.92, which suggests significant

intolerance to heterozygous damaging variants. Sanger

segregation revealed that the proband is the only individ-

ual who carries both FOXG1 and TERF2 variants in the

heterozygous state, and the rest of the family members

were wild type. TERF2 encodes a telomere-specific protein

that is part of the telomere nucleoprotein complex. It is

a negative regulator of telomere length and plays a key

role in the protective activity of telomeres. A recent

study showed Microcephalin 1/BRIT1-TRF2 interaction

promotes telomere replication and repair, and, interest-

ingly, the study showed the linkage between telomere

dysfunction and microcephaly.89,90 Our molecular and

clinical evaluation strongly support the contention

that both FOXG1 (known, for Rett features) and TERF2

(possible disease-trait-associated, for early-onset severe

microcephaly) contribute to the proband’s complex ner-

vous system blended phenotype.

BAB8895 and BAB8898 are a two-year-old brother and

ten-year-old sister who presented with DD/ID and ADHD

(Figure 6D). The parents are from the same small village,

though there was no known consanguinity. Anthropo-

metric measurements for the brother at two years were:

weight 13.5 kg (70%ile), height 86 cm (36%ile), and OFC

48.2 cm (37%ile). The sister’s growth parameters at ten years

were: weight 27 kg (11%ile), height 124 cm (Z score: 2.1),

and OFC 47.5 cm (Z score: �3.7). Brain MRI at 23 months

for BAB8895 revealed cerebral cortical volume loss and hy-

perintensities more consistent with hypomyelination in

subcortical and deepwhitematter areas. ES for both affected

siblings showed a homozygous, previously reported, and

one of the most commonly observed, missense variant al-

leles (GenBank: NM_000026.4; c.1277G>A [p.Arg426His])

in ADSL (MIM: 608222) in both of them.91 In addition
1994 The American Journal of Human Genetics 108, 1981–2005, Oct
to the ADSL variant, both subjects harbored a homozygous

missense variant (GenBank: NM_001162501.2: c.2138G>C

[p.Arg713Pro]) in TNRC6B. Total sizes of AOH for BAB8895

and BAB8898 were 164 and 144 Mb, respectively, reflecting

potential shared ancestry for the parents. Both ADSL and

TNRC6B are embedded within the same 2.5 Mb AOH block

(Figure 6E). TNRC6B (MIM: 610740) has been shown to

interact with Argonaute (Ago) family proteins, which play

an important role in post-transcriptional gene silencing. A

recent study showed that de novo, heterozygous, pathogenic

variants in TNRC6B and interacting gene AGO2 cause DD/

ID and ADHD phenotypes.92,93 The variant identified in

our individuals was in a highly conserved region of the Ar-

gonaute-interacting domain and predicted to be deleterious.

Although previously reported variants in TNRC6B are het-

erozygous, we consider that both biallelic variants in

TNRC6B and ADSL in this family are contributing to the

phenotype through mutational burden driven by a single,

shared AOH block.

AOH burden on multilocus pathogenic variation

Given the high percentage (73.5%) of families with ascer-

tained consanguinity in the studied cohort, we investi-

gated the role of AOH burden on different mutation types.

We first examined whether there is any difference in total

AOH size between solved and unsolved individuals. The

median total AOH size (individual locus AOH regions >

0.5 Mb) calculated from exome data with BafCalculator

for individuals with molecular diagnosis is significantly

higher (223 Mb) than for individuals without molecular

diagnosis (153Mb) (p value¼ 0.01; Figure 7A).We had pre-

viously shown that there is a much higher burden of AOH

for the genomes of individuals with MPV compared to the

genomes of individuals with a single pathogenic variant lo-

cus in the arthrogryposis cohort in the Turkish popula-

tion.24 In the TBM2 cohort, we also observed a higher

burden of AOH in MPV individuals; the median total

AOH sizes for MPV and single locus individuals are 268

Mb and 208 Mb, respectively (p value ¼ 0.0006, t test).

When we specifically limit the MPV cases to the cohort

of known þ known genes (14 families), we observed a ten-

dency to have larger total AOH blocks in MPV families;

however, this did not reach statistical significance

(p value ¼ 0.11, t test), probably because the test was un-

derpowered given the small cohort size (Figure S8A).

We further investigated whether zygosity (homozygous

versus heterozygous/compound-heterozygous) plays a role

in AOH burden difference between the MPV and single

locus individuals. Median total AOH burden in the

homozygous MPV families (276 Mb) is significantly higher

than in the homozygous single locus families (240 Mb)

(p value ¼ 0.004), although we did not observe any sig-

nificant difference between heterozygous MPV subjects

(80 Mb) and heterozygous single-locus subjects (94 Mb)

(p value ¼ 0.6; Figure 7B). These results indicate AOH

burden positively correlates withMPV in the admixed Turk-

ish population with a high coefficient of consanguinity.
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Figure 7. Statistical analysis of individuals with single and/or multilocus pathogenic variation
(A) Box plot showing the distribution of total AOH sizes in unsolved and solved individuals. The median total AOH sizes for unsolved
and solved individuals are 153 and 223 Mb, respectively. ** denotes p value < 0.01 (t test).
(B) Box plot showing the distribution of total AOH sizes in (i) affected individuals with a single molecular diagnosis harboring either de
novo, compound-heterozygous, or hemizygous variants; (ii) affected individuals with a single molecular diagnosis harboring homozy-
gous variants; (iii) affected individuals with MPV with no homozygous variants; and (iv) affected individuals with MPV with homozy-
gous variants. *** denotes p value < 0.001 (t test). NS, not significant.
(C) A heatmap demonstrating the distribution of total AOH sizes and AOH blocks harboring potentially pathogenic variants.
(D) AOH plots on chromosome 13 in BH10203-1 and �4. Note that the AOH blocks around a SSH3 in two affected subjects showed a
marked difference in size.
(E) Pedigree and molecular findings in BH10204 (HOU3583).
(F) Photo for the two affected individuals. Note that growth restriction is more severe in BAB9650, and BAB9651 had sparse hair. Both
BAB9650 and BAB9651 have microcephaly.
(G) AOH plots around variants in LRAP6, PLK4, and KIFC3. Note that the father (BAB9653) also has the homozygous LPAR6 variant.
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We observed that subjects with a higher total AOH size

were likely to have larger AOH blocks harboring possibly

pathogenic homozygous variants (Figure 7C). To investi-

gate the potential correlation between the local genomic

features such as recombination rate and the formation of

AOH regions across the genome, we calculated the average

recombination rate across AOH regions detected in the

TBM2 cohort. Our analysis revealed an overall inverse cor-

relation between the frequency of long-sized AOH regions

and average recombination rate in the genome, implying

that long-sized AOH regions are much more likely to be

observed in regions where the recombination occurs less

frequently (Figure S8B). This observation is consistent

with the notion that rare and pathogenic homozygous var-

iants are enriched within larger AOH regions, which

demonstrate a lower recombination rate, a feature that

has been shown to correlate with deleterious variant accu-

mulation in the genome.94

Although we mostly see the same AOH blocks shared

among the affected siblings, we also observed several

examples of different sizes of AOH block around the dele-

terious variant, which is probably related to allelic recom-

bination events (Figure 7D). We highlight one example

to illustrate how individual phenotypes are affected by

AOH burden.

BAB9650 and BAB9651 were two-year-old twin sisters

born todoublefirst cousinparents. TheywerebornviaC-sec-

tion at 36 weeks of gestation due to intrauterine growth re-

striction (IUGR) and twin pregnancy (Figure 7E). Anthropo-

metric measurements at birth were: weight 1,100 g (< 3%,

50%ile for 27 4/7 gestational week [GW]), height 37 cm (<

3%, 50%ile for 26 6/7 GW), and OFC 22 cm (< 3%, 50%ile

for 24 0/7 GW) for BAB9650, and weight 1,710 g (< 3%,

50%ile for 31 2/7 GW), height 42 cm (< 3%, 50%ile for 31

3/7 GW), and OFC 28 cm (< 3%, 50%ile for 29 6/7 GW)

for BAB9651. Anthropometric measurements at two years

and five months were as follows: weight 8 kg (Z score:

�4.0), height 76 cm (Z score:�3.7), andOFC41 cm (Z score:

�4.7) for BAB9650, and weight 10 kg (Z score:�2.3), height

86 cm (16%ile), andOFC 41 cm (Z score:�4.7) for BAB9651

(Figure 7F). Their development was delayed (more severe in

BAB9650, who was walking at two years old and had no

meaningful words) in both siblings. BAB9651 additionally

has thin, sparse, andcurlyhair.Cardiac andabdominalultra-

sound, eye examination, and hearing tests were unremark-

able. Quad ES revealed a homozygous frameshift variant in

LPAR6 (MIM: 609239; GenBank: NM_005767.7:c.472delC

[p.His158Thrfs*28]) and a homozygous missense variant

(MIM: 605031; GenBank: NM_014264.5:c.1919C>G

[p.Ser640Cys]) inPLK4 inBAB9651.Biallelic pathogenic var-

iants in LPAR6 are known to cause woolly hair with or

without hypotrichosis (MIM: 278150), and biallelic variants

in PLK4 are known to cause microcephaly and chorioretin-

opathy (MIM: 616171). The mother was heterozygous for

both LPAR6 and PLK4 variants and the father was homozy-

gous for LPAR6 and heterozygous for PLK4. Surprisingly,

BAB9650 is heterozygous for the LPAR6 variant and wild
1996 The American Journal of Human Genetics 108, 1981–2005, Oct
type for the PLK4 variant. ES data of BAB9650 showed a ho-

mozygous missense variant (GenBank: NM_001130100.2:

c.2441G>A [p.Arg814His]) in KIFC3 (MIM: 604535). KIFC3

is important for microtubule organization, and KIFC3 and

KIF11 provide an opposing microtubule-based cohesive

force for centrosome separation.95,96 Additionally, KIF11 is

linked to Microcephaly with or without chorioretinopathy,

lymphedema, or mental retardation (MIM: 152950). More

severe developmental delay in BAB9650 is probably related

to a deleterious variant in KIFC3. Total AOH sizes were 868

Mb for BAB9650 and 705 Mb for BA9651, with various

different sizes of AOH blocks among the twins. The calcu-

lated coefficient of consanguinity for BAB9650 was 0.2826,

which is substantially higher than the expected coefficient

of consanguinity for the product of a first cousin mating

(0.0625).97,98
Reanalysis of extant ES and expansion to additional

family members

We previously showed that reanalysis both in the research

and clinical settings improves molecular diagnosis.24,26,99

We applied this knowledge to our unsolved families in

TBM1. Accordingly, we expanded ES to the other family

members (parents and/or affected/unaffected siblings) for

13 families. For the remaining seven families, we reana-

lyzed in the setting of new bioinformatic tools and litera-

ture update. A workflow and the results are shown in Fig-

ures 1, S9, and S10. By expanding ES to additional family

members, we presented a molecular diagnosis for five fam-

ilies (5/20 ¼ 25%), including three families with known

NDD-associated genes (TUBB4A, ARID1B, and GMPPB),

one family with a candidate disease-trait-associated gene

(TRIM66), and one family with MPV (known þ candidate

disease-trait-associated genes). Potential explanations for

having missed known genes in TBM1 include absence of

DNM-finder (TUBB4A and ARID1B) and compound-het-

erozygous (GMPPB) variant detection tools. The MPV fam-

ily was probably missed because the mutational burden

was causing a more complex phenotype and the known

gene was not deemed to be explanatory for the complete

clinical picture, thus it was considered not to be contrib-

uting. Clinical and molecular details of these individuals

are described in the Supplemental note.
Discussion

We performed family-based genomic sequencing and rare-

variant analyses in a large cohort of Turkish individuals

with an NDD phenotype (N ¼ 234 newly enrolled and

20 previously studied families with nomolecular etiology).

We were able to establish a molecular diagnosis in 71.2%

(181/254) of the individuals in this study and 79.8%

(289/362) of the individuals from the entire cohort

(TBM1 þ TBM2). Since TBM1 was published in 2015, 19

genes (ACTL6B, ANK3, ASTN1, CDH4, CDK10, CELSR2,

CPLX1, DHX37, HELZ, KLHL15, OGDHL, PLEKHG2,
ober 7, 2021



PRUNE1, PTPRT, SLC18A2, SMARCA1, and VARS) were

confirmed to have an established NDD association with

further published cases from the literature and/or func-

tional/animal studies, including two genes (GTF3C1 and

TTI1) with ongoing collaborative studies.57,62,87,88,100–132

In the current cohort, we used stringent criteria for identi-

fying candidates (Material and methods), and we have

applied additional population genetics/bioinformatic tools

(i.e., gnomAD and CADD score) that were not available for

the TBM1 cohort. Through these advances, we identified

86 candidate disease-trait-associated NDD genes that fulfill

our criteria in TBM2. Deleterious variants were identified in

218 distinct genes in 176 solved families in TBM2 and 296

distinct genes in 289 solved families in TBM1 and TBM2

combined. The number of overlapping genes identified in

TBM1andTBM2 is quite small (16 genes) (Figure 2B), further

underscoring the enormous genetic heterogeneity of the

NDD phenotypic spectrum. Notably, we identified distinct

ASTN1, NRD1, and PARD3B variants, which supports our

previous research on identified candidates in two unrelated

families with ASTN1 variants, one family with an NRD1

variant, and two familieswith PARD3B variants.20,27,38 Inter-

estingly, NRD1 or nardilysin, is a mitochondrial co-chap-

erone for a-ketoglutarate dehydrogenase; the gene was

initially identified in a fruit fly neurodegeneration genetic

screen.38 Also of note, PARD3B identified in this cohort has

been implicated in an ANKLE2 and VRK1 neuroblast asym-

metric cell division pathway mediating both Zika virus tera-

togenic effects causing microcephaly and an inherited form

of severe congenital microcephaly.52

In addition to known and candidate disease-trait-associ-

ated genes, we reported biallelic variants that cause a

phenotype in previously reported ‘‘monoallelic disease

(AD) trait genes’’ (ASH1L, PKD1, PLD3, POLR1D, RTN2,

TNRC6B, and TUBB6). The observed phenotypes are found

to be overlapping (e.g., ASH1L, PLD3, RTN2, and TNRC6B),

distinct (e.g., POLR1D and TUBB6), and expansion (e.g.,

PKD1). We also identified one de novo, heterozygous LRP2

variant that causes an overlapping phenotype that was pre-

viously known to be caused by biallelic variants. Our obser-

vations further amplify growing evidence showing biallelic

and monoallelic variants in the same gene have the poten-

tial to cause similar or distinct phenotypes.24,133,134 These

data and findings in aggregate show that our approach

(rare variant, family-based genomics, detailed phenotyp-

ing, and comprehensive rare-variant analysis) provides a

rich resource for understanding the genetic underpinnings

of disease, function of human genes, and the human

biology and molecular mechanism(s) of NDDs.

Holistic approach for exome analysis using in-house

CNV detection tools and acceleration to WGS

Despite the increase in gene discovery and resolution of the

underlying genetic etiology of many Mendelian disorders

with the application of ES126 and aCGH,135 both of these

technologies have limitations in capturing some types of

variant alleles. These variant types include small size CNVs
The American Jo
(< 10 Kb), repeat expansions in coding and non-coding re-

gions, variants in high GC content regions, and balanced

or complex structural variants (SVs) such as inversions.136–

139 In order to capture small homozygous deletions (e.g.,

exonicdeletionCNV) fromexomedata (importantmutation

mechanism for consanguineous populations), wedeveloped

HMZDelFinder.19 HMZDelFinder facilitated the identifica-

tion of three individuals with small exonic deletions (two

different exonic deletion alleles in SNX14 [BAB3498, delet-

ing exon 3 to 27, and BAB13562, deleting exon 13 to 22],

including one previously reported77 and one individual

with a two-exon deletion of BLM [BAB4987, deleting exon

11 and 12]). BAB3498 and BAB4987 were previously pub-

lished without breakpoint junctions and limited clinical in-

formation, and further details are provided herein.13,19

Exon deletion CNV alleles are likely to be underappreciated

but clearly found even among clinical population cohorts

from outbred populations.136,137 Our data suggest that Alu-

Alu mediated rearrangements (AAMR), a form of microho-

mology-mediated replicative repair (MMBIR) involving tem-

plate switching between microhomeologous Alu repetitive

elements, might be a major mechanism driving intragenic

exonic deletion CNV.140

Our stepwise genomic approach (ES to WGS) facilitated

establishing molecular diagnosis in a family (BAB10738)

with an intragenic heterozygous exonic deletion (ASTN2;

Figure 6). Our CNV analysis programs are currently limited

in their ability to capture intragenic heterozygous deletions

and duplications; HMZDelFinder robustly detects homozy-

gous deletions genome-wide, even those encompassing

only a single exon,19 and XHMM can detect larger CNVs

(> 100 Kb). Taken together, our results indicate the use of

newly developed computational and molecular tools on

the existing (i.e., extant) exome data can increase the diag-

nostic utility of ES (especially for admixed populations

with elevated coefficient of consanguinity), and a stepwise

genomic-sequencingapproach (researchES/WGS) is likely

to be cost-effective andmight facilitate establishing amolec-

ular diagnosis in cases for which ES is non-diagnostic.

Evidence for MPV in NDD cohort

Over the last 15 years, advances in genomic technologies

(ES, WGS, and aCGH) have allowed investigations of the

entire assayable genome for genome-wide variations. Sci-

entists initially conceptualized the identification of two

or more pathogenic variations in an individual as ‘‘anom-

alous findings,’’ due to the inherent bias of a ‘‘one gene-

one phenotype dogma’’ promulgated in Mendelian trait

disorders and perhaps by genetic mapping approaches to

a disease-contributing locus. However, recently there has

been a paradigm shift in our understanding of the fre-

quency and impact of multilocus pathogenic variations

in the human genome and contributions to phenotype.

Posey and Harel et al. investigated the presence of MPV

in a clinical molecular diagnostic lab from consecutive

clinical cases of suspected genetic disease ascertained

from a Northern American population20 and found �5%
urnal of Human Genetics 108, 1981–2005, October 7, 2021 1997



of molecularly established cases have MPV. This observa-

tion was later shown in a different population solely on

the basis of known genes with a 3.5% MPV frequency.141

Karaca and Posey et al. further demonstrated evidence of

MPV (6/19 ¼ 31%) in Turkish NDD individuals by perform-

ing a careful reanalysis of exome data frompotential pheno-

typic expansion families in TBM1 and the molecular under-

pinnings of intrafamilial clinical heteogeneity.23 The role of

de novo mutation in MPV and intrafamilial variability was

also reported by Mitani et al.67 Pehlivan and Bayram et al.

investigated the presence of MPV on a different disease

cohort for arthrogryposis.24 They confirmed the high rate

of MPV, 19/86 ¼ 22%, in the Turkish population, and

further showed evidence that MPV was probably driven

by high AOH burden due to identity-by-descent.

In this study, we confirmed and solidified our MPV mo-

lecular diagnosis approach based on internally established,

strict, multimodular genomic criteria. This approach al-

lowed us to uncover supportive evidence for MPV in

28.9% (51/176) of families in which we established amolec-

ular diagnosis. In our cohort, the knownþ knownMPV rate

is 6%, which is consistent with the published literature from

amixed clinical cohort ascertained in a nonconsanguineous

population. Our result further confirmed the hypothesis of

‘‘AOH burden drives MPV’’ proposed in our arthrogryposis

cohort.24 The Clan Genomics hypothesis posits that the

most important, potentially phenotype-contributing varia-

tions arise recently in the individual (e.g., new mutation)

or clan (e.g., autozygosity/IBD).142,143 Our study extends

this thinking to emphasize that clan structure (IBD) and

population substructure can magnify this effect through

transmission genetics; and, the accumulation of unique

combinations of rare variant alleles at multiple loci results

in a complex phenotype unique to each individual/clan.

There are several limitations in our study, mostly as a

result of study design. These include (1) inability to perform

segregation studies in all family members in some cases for

which samples from relatives were unavailable, (2) inability

to detect brain-specific somatic mutations, which are well

established in NDD phenotypes and which might explain

the molecular etiology in some of our molecularly undiag-

nosed group, and (3) lack of functional assays/animal

studies to further corroborate the potential pathogenic ef-

fects of each purported disease-associated variant allele

and to investigate potential gene-phenotype relationships

in the candidate gene cohort.

In summary, our study showed the tremendous genetic

heterogeneity of NDD, finding a very small portion of

overlapping genes despite studying the same population

and same disease cohort. We further elucidated: (1) evi-

dence for the Clan Genomics hypothesis by emboldening

the MPV model for a complex trait instead of single gene-

single phenotype (trait) ‘‘Mendelian dogma,’’ (2) evidence

that MPV in the recessive disease trait and populations is

driven by AOH burden due to IBD, (3) evidence for multi-

ple candidate genes linked to the NDD phenotype, (4) how

to increase the molecular diagnostic utility of exome data
1998 The American Journal of Human Genetics 108, 1981–2005, Oct
by implementing additional bioinformatic tools and anal-

ysis on extant ES data and a stepwise approach from exome

to WGS, and (5) evidence that monoallelic-biallelic vari-

ants in the same gene might cause overlapping and/or

distinct phenotypes. These studies provide a glimpse into

the tremendous biology underlying brain development

and dysfunction.
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sani Nia, F., Bartholomäus, A., Martens, V., Bruckmann, A.,

Graus, V., McConkie-Rosell, A., et al. (2020). Germline

AGO2 mutations impair RNA interference and human

neurological development. Nat. Commun. 11, 5797.

94. Hussin, J.G., Hodgkinson, A., Idaghdour, Y., Grenier, J.C.,

Goulet, J.P., Gbeha, E., Hip-Ki, E., and Awadalla, P. (2015).

Recombination affects accumulation of damaging and dis-

ease-associated mutations in human populations. Nat.

Genet. 47, 400–404.

95. Cao, Y., Lipka, J., Stucchi, R., Burute, M., Pan, X., Portegies,

S., Tas, R., Willems, J., Will, L., MacGillavry, H., et al.

(2020). Microtubule Minus-End Binding Protein CAMSAP2

and Kinesin-14 Motor KIFC3 Control Dendritic Microtubule

Organization. Curr Biol 30, 899–908.e896.

96. Hata, S., Pastor Peidro, A., Panic, M., Liu, P., Atorino, E., Fu-
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